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Abstract. We report on the first results from a new dish antenna search for hidden photon
dark matter (HPDM) in the meV mass region. A double mirror system composed of a plane
and a parabolic mirror is designed to convert HPDMs into photons focused on a receiver. In
this phase 1 experiment we obtain an upper limit on the photon-HP kinetic mixing χ . 10−8
for the mass range of 0.67− 0.92meV using conventional mm-wave technology with a room-
temperature receiver and a small-sized mirror system.
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1 Introduction
For more than 40 years various astrophysical observations have suggested the existence of
dark matter (DM) [1]. Extensions of the Standard Model predict candidate particles classified
as either weakly-interacting massive particles (WIMPs) with a typical mass of GeV–TeV, or
weakly-interacting slim particles (WISPs) with µeV–eV [2]. Despite of intensive nuclear
recoil experiments WIMPs have been escaping from detection so far, while many ambitious
projects have recently been proposed and proceed to search for WISPs, such as axions and
hidden photons (HPs) [3–7]. Especially, a wide area of the HP parameter space, defined by
its mass mγ′ and the photon-HP kinetic mixing χ, is still unexplored and allowed for the cold
DM [8, 9].
Via the kinetic mixing HPDM can convert to ordinary photons with the energy directly
corresponding to the HP rest mass within a narrow bandwidth ∼ 10−6mγ′ , since cold DM
moves at non-relativistic speeds ∼ 10−3c. This mixing is currently being investigated by
using microwave resonant cavities [6, 7, 10–14]. While the cavity experiments enhance the
conversion power resonantly in a narrow frequency band, the resonant frequency needs to be
scanned to cover a broad mass region. Recently, a new method using a metallic mirror has
been proposed to obtain a broadband sensitivity over a full detector bandwidth [15]. In such
a setup HPDM is converted at the surface of the mirror to ordinary photons. The electro-
magnetic boundary condition constrains the direction of emitted photons to perpendicular to
the surface with a small angular spread ∼ 10−3 rad, corresponding to the velocity dispersion
of the incident HPs parallel to the conversion surface [16]. The emitted power is focused on
a detector by using focusing optics, or using a curved mirror that works for both conversion
and focusing. A mirror with an area of Amirror emits a HP power of
P = α2 χ2 ρHPDM Amirror, (1.1)
with ρHPDM the local HPDM energy density and α a factor accounting for HP polarizations.
By assuming all polarizations are equally abundant1, we have α =
√
2/3 and the generated
photons have random polarizations. Therefore, a detector sensitive to a power P is sensitive
to the kinetic mixing parameter χ as
χ = 4.5 × 10−9
(
P
10−13W
) 1
2
(
1m2
Amirror
) 1
2
(
0.45GeV/cm3
ρHPDM
)1
2
(√
2/3
α
)
, (1.2)
1 Even if HPDM is polarized in a particular direction, the earth’s rotation would cause temporal variation
of the direction observed in our laboratory frame. Therefore, the time averaging over more than a day results
in a similar averaging over various polarizations.
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Figure 1: Schematic of the setup and the receiver chain. Dark matter hidden photons
are converted into ordinary photons at the surface of the plane aluminum mirror. They are
emitted in perpendicular direction to the surface and focused by the parabolic mirror. A horn
antenna is placed at the focal point to receive the mm-wave power. The RF frequency is
down-converted by an even harmonic mixer (Schottky barrier diode) fed with a local oscillator
signal at a frequency of 18–27GHz. The output IF power is amplified by two low-noise
amplifiers, and the waveform is Fourier-transformed by an oscilloscope. The power spectrum
is stored after the linear average of 103 spectra.
where the last two factors become unity under the Standard Halo Model2 [15].
Up to now, two experiments have probed masses around eV with this method primarily
using photomultiplier tubes for the detection of optical photons [17–23]. In Ref. [17] the limit
of χ ∼ 6× 10−12 was obtained by using a 0.2 m2 dish antenna. A search using a larger dish
area of 13 m2 is also underway [22, 23]. Besides, a radio frequency experiment is found to be
in progress in the sub-meV region [24].
In this paper, we report a search for HPDM in the meV mass range corresponding to
mm-wavelengths, and obtain the first limit in this region using the dish antenna method.
This mass region is particularly interesting, since a relatively large kinetic mixing, as high as
χ ∼ 10−9, is still not excluded by cosmological and astrophysical observations [8]. This work
presents our phase 1 setup using heterodyne detection with a room-temperature receiver
system and a small-sized dish antenna with an area of 0.2m2.
2 Experimental Setup
Figure 1 shows an overview of the experimental setup. HPDM is converted to ordinary
photons on a plane conversion surface and focused by a parabolic mirror. Both mirrors are
made of aluminum, which is commonly used for the mirror material of mm-waves due to its
high reflectivity to these waves. The conversion mirror has an area of 0.6m × 0.6m and
emits plane electromagnetic waves perpendicular to its surface. The waves are focused by
the parabolic mirror with a diameter of 0.5m and a focal length f of 1.5m. Placing the
conversion mirror and the receiver at the same distance from the focusing mirror (z = f)
minimizes the power loss due to the effective reduction of the conversion area. This double
2 Two different values have been used for the local DM density in literature. We adopt 0.45 Gev/cm3 in
this work to be consistent with the previous works [10–14]. The more commonly cited 0.3 GeV/cm3 gives a
reduction factor of 0.82 on the kinetic mixing sensitivity.
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Figure 2: Pictures of the setup. (a) The measurement devices placed in a Faraday cage
lined with microwave absorbers. During the data acquisition the mirror system is wrapped
up with layers of crumpled aluminum foils and the other devices are moved to the next room
or a distant place in the room to reduce radiation contamination. (b) The horn antenna
attached to the Schottky barrier diode, mounted on a multi-axis stage that adjusts the
antenna position to the focal point. (c) Magnified view around the elongated hole at the
center of the conversion mirror, where the horn antenna projects to receive the focal power.
mirror configuration has the advantage of being able to focus the signal power with a smaller
directional spread compared to the setup using a single spherical mirror [25].
The focused waves couple to a corrugated horn antenna shown in Fig. 2. The coupling
to the antenna can be calculated by evaluating the overlap integral between the focused beam
and the antenna beam [26]. This yields a power coupling
C =
(
2ω0 ωb
ω02 + ωb2
)2
, (2.1)
where ω0 = 3.0mm is the beam size at the horn aperture giving the best coupling. The focal
beam size ωb is determined by the successive diffraction at the two mirrors and becomes
about 3.3λ = 4.5− 6.2mm in the SBD input range (defined later) [27]. From Eq. (2.1), this
corresponds to C = 0.62–0.85.
The antenna is attached to the Schottky barrier diode (SBD, Virginia DiodeWR5.1EHM).
The SBD works as an even harmonic mixer and down-converts an RF frequency fRF, related
to the HP mass with mγ′ [µeV] ≃ 4.1 × (fRF[GHz]), into an IF frequency fIF as
fIF = |fRF −NfLO|, (2.2)
with N(= 8) the even harmonic number we used and fLO a local oscillator (LO) frequency
fed by a signal generator (Agilent N5183A) with high frequency stability. The modulus in
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ID Date fLO NfLO Background NA
1 11.04–11.28 23.17GHz 1 Off-focal 11 831
2 01.16–01.26 (18, 19, ..., 26, 27)GHz 10 LO detune 577
3 01.26–01.31 (18, 19, ..., 26, 27)GHz 10 LO detune 294
4 01.31–02.03 (20, 21, ..., 26, 27)GHz 10 LO detune 177
5 02.03–02.13 (20, 20.25, ..., 27, 27.25)GHz 16 LO detune 354
6 02.17–03.31 (20, 20.25, ..., 27, 27.25)GHz 16 Off-focal 1338
Table 1: Summary of the data sets. The first data were taken in Nov. 2016, while the
rest from Jan. to Mar. 2017 with various measurement conditions, changing the frequency
of the local oscillator (fLO) and background measurement mode. NfLO is the number of LO
frequencies scanned with an interval of 1 GHz, while in the fifth and sixth data sets, the two
intervals of 0.25GHz and 0.75GHz were repeated alternately to cover the SBD input range
seamlessly. One data set contains NA spectra for each fLO. Each spectral data stored is the
linear average of 103 spectra. Thus, a data set contains a total of NfLONA averaged spectra
for both signal and background measurements.
Eq. (2.2) states that the SBD operates as a double sideband receiver, that effectively doubles
the sensitive mass region around the center frequency NfLO. The conversion loss of the
SBD was measured before the HP search at 30 frequencies between 160GHz and 220GHz
(“SBD input range”), by using a backward wave oscillator (Microtech, QS1-260-OV-24) as
a variable-frequency mm-wave source. It was found to vary between 30 dB and 50 dB in the
range3. The SBD couples to a linear polarization and thus effectively detects a half of the
incident HP power on average, since the photons emitted from the conversion surface have
random polarizations.
The output power from the SBD is increased by two amplifiers (R&K LA130-0S), whose
gain curves were measured using a vector network analyzer (Anritsu, MS2024B). After the
amplifiers, an oscilloscope (Rhode&Schwarz RTO1044) records the FFT spectrum up to
4GHz with a resolution of 76 kHz. Each spectral data is stored after the linear average of
103 spectra, which takes 80 s.
To cut radio contamination from external sources, the HP search was carried out in a
dedicated radio-shielding room (“Faraday cage”) at the Research Center for Development of
Far-Infrared Region, University of Fukui (FIR-UF) at N 36◦4′37′′ E 136◦12′42′′. It attenu-
ates the power of external radio sources by 60 dB, while the polyethylene foams lining the
room provide an additional absorption of 40 dB. Radiation from our measurement devices is
reduced by leaving the minimal electronics in the room while the rest is placed in the next
room that has a connection to the Faraday cage through a port duct. In addition, the mirror
system is wrapped up with layers of crumpled aluminum foils to further cut background
radiation. Even in this condition, a small amount of radiation contaminates and appears in
the measured spectra. These spurious peaks are discriminated by two types of background
measurements, where the horn antenna is moved to an off-focal position by a motorized stage,
or the LO frequency is detuned by ∆fLO = +1MHz with the antenna at the focal position. If
spurious peaks are real signal, they would disappear in the off-focal measurement, or shift by
N∆fLO in the detune measurement. Furthermore, the combination of the two background
3 In this pre-measurement, we kept the LO power constant, which is the same condition as the HPDM
search. Optimizing the LO power to each N and fRF would give better (smaller) conversion loss [28].
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Figure 3: Power spectrum of a single acquisition (103 averages) obtained as the first spec-
trum of the last data set by the signal measurement with a local oscillator frequency of
27GHz, normalized with the receiver system gain. The steep structure in the low frequency
region represents the amplifier cut-off. Thus, the frequency region of 0.1 − 4.0GHz shown
in blue is used for the analysis. The baseline oscillation becomes larger at high frequencies.
The apparent peaks, for example at 0.6GHz, 0.9GHz, and around 3.9GHz, disappear after
locally subtracting the spectrum of the corresponding background measurement in the region
around these peaks.
measurements enables to identify whether the radiation is mixed in the IF chain or more
upstream paths. To cancel short-term temperature dependencies of these peaks, signal and
background acquisitions were repeated alternately for each 80 s. These changes are remotely
controlled by a PC placed in the next room without disrupting the measurement condition
by entering the Faraday cage.
3 Data Analysis
Table 1 shows a summary of the data sets. Signal peaks are searched in the frequency domain
of oscilloscope spectra. A typical power spectrum of a single acquisition is shown in Fig. 3,
that has been normalized with the receiver system gain described in Sec. 2. The overall
spectral height represents the noise level of the receiver system. The broad structure that
oscillates with a frequency of 100 − 200MHz is most likely to arise from power resonances,
such as in RF cables. The expected mm-wave HPDM signal has a sharp Maxwellian dis-
tribution over a few bins due to the DM velocity dispersion and is added on top of white
noise on the baseline oscillation. To extract the noise component, the spectrum is fitted to a
quadratic function for 40-bin intervals and subtracted by the obtained baseline function [10].
The resulting spectrum contains white noise and peaks having large positive power, as shown
in Fig. 3. These peaks are spurious and originate from residual radio contamination, because
they also appear at the same IF frequency even in the LO-detuned background spectrum.
These spurious peaks are eliminated by subtracting the spectrum of the corresponding back-
ground measurement. The subtractions are operated locally around the spurious peaks to
keep the noise level smaller by a factor of
√
2 for most of the white spectrum, compared to
subtraction of the entire background spectrum.
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One data set contains NA acquisitions for each fLO, and they are combined with linear
weighting according to the local power level of the baseline spectrum [11]. The combined
spectra are mapped to fRF with Eq. (2.2). To cover the SBD input range without any
sensitivity gap, fLO is changed alternately between the two intervals of 0.25GHz and 0.75GHz
in the last two data sets in Tab. 1. Finally, the mapped spectra of all data sets are combined
to a single spectrum shown in Fig. 4 (left), where the power excess has been normalized to
the local rms noise power, giving the excess over noise ratio (ENR).
For gravitationally thermalized (“virialized”) HPDMs, the Maxwellian signal spreads to
about four bins, that contain 84–93% of the total power depending on the HP mass frequency
in the SBD input range. To sum up the signal power, we apply a co-adding scheme, that
simply takes the sum over the four adjacent bins to each frequency bin [12]. This approach
is robust since it does not assume any specific line shape on the signal discrimination, and
is thus valid even if the actual local DM velocity distribution is not Maxwellian or contains
some substructure [29]. Figure 4 (right) shows the co-added ENR spectrum. According to
the frequency dependence of the SBD conversion loss measured at many points (Sec. 2), we
divide the whole SBD input range into 19 sub-regions, where the conversion loss is regarded
as constant. Generally, candidate peaks above a certain ENR threshold are investigated
by additional measurements that test whether they are truly statistical fluctuations. While
the rescanning measurement contributes to reject noise fluctuations [10–12], we get around
this step by taking the largest ENR as the threshold in each sub-region. They are commonly
distributed in the range of 9–12 ENRs, beyond which no significant peaks are observed. Since
we expect one or more peaks above the highest observed ENR within the whole spectrum
with a probability of ≈ 14%, non of the observed peaks is significant enough to claim a
signal. In order to obtain a limit on the observed HPDM power, the power level that gives
ENRs beyond the threshold with a probability of 90% was estimated by a Monte Carlo (MC)
simulation, since neighboring bin contents are correlated. The MC spectra are produced in a
data driven manner, where white Gaussian noise and a Maxwellian signal are superimposed
to the baseline spectrum of real data [10–12]. Changing the signal power for 4000 masses
randomly selected in the SBD input range, we applied the same analysis to the MC data and
obtain a power limit in each sub-region, which is typically P ∼ 10−13 W. If HPDM has a
very small velocity dispersion in contrast to the above virialized scenario, it would deposit all
power into a single bin. In this “unvirialized” case, the power limits are directly calculated
from the single-bin thresholds in Fig. 4 (left) by using conventional Gaussian statistics [13].
Furthermore, our analysis accounts for systematic uncertainties arising from (i) uncer-
tainties on the local HPDM momentum distribution, (ii) geometrical imperfections of the
mirror system, (iii) uncertainties on stability and gain of the detection system electronics.
(i) As described above, our result is unaffected if the local DM velocity distribution is not
Maxwellian or contains substructure. However, the motion of the solar system in our galaxy
induces the so-called “DM wind” at ∼ 220 km s−1 in the rest frame of the earth. The direc-
tion of the wind observed in the laboratory frame changes in time due to the revolution and
the rotation of the earth. This effect shifts the overall direction of perpendicularly emitted
photons by at most 10−3 rad (= θw) [25]. It leads to a displacement of the focal spot by fθw
with f the focal length (= 1.5m). This gives a smaller coupling to the horn antenna and
results in a power reduction by a factor of up to 0.85. (ii) Non-parallel mirrors cause another
displacement of the focal point by fθt with θt the tilt angle between the mirrors. To check
it, we developed a surveying method utilizing multiple reflections of a 650 nm laser beam,
where the displacement is augmented as the beam bounces between the mirrors [27]. We
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Figure 4: Excess over noise ratio (ENR) of the power spectrum for the single-bin (left) and
four-bin (right) analyses. The red triangles show positions of the largest ENR in sub-regions,
decided by the pre-measured frequency dependency of the receiver system gain.
repeated this method during the run and confirmed that θt < (2± 2)× 10−4 rad through-
out the data acquisition, which is significantly smaller compared to θw. The focal power
would also be reduced by the surface roughness of the two mirrors, causing phase errors of
the emitted and reflected mm-waves. The phase error becomes important especially to the
parabolic mirror since it requires elaborate surface processing. The surface roughness was
measured to be less than 30µm by the manufacturer and is thus much smaller than the
mm-wavelengths we receive. The corresponding phase error is estimated to reduce the power
by a factor of 0.97 [30, 31]. (iii) The frequency stability of the detection electronics is limited
by the signal generator. It has a temperature dependence of ±1 ppm over 0 − 55 ◦C. The
monitored room temperature shows seasonal changes in the range of ±3 ◦C throughout the
search, that corresponds to the fluctuation in fIF of about ±10 kHz. It causes broadening of
the Maxwellian power spectrum, giving at most 1.5% of the power spilling out of co-added
four bins (4× 76 kHz). The largest systematic uncertainty in the receiver system is found in
the total gain after the SBD and the two amplifiers. As described in Sec. 2, we carried out
these studies before the HPDM search and its uncertainty is already included in the analysis
by conservatively using the minimum gain in each sub-region.
Applying Eq. (1.2), we obtain the limits on χ shown in Fig. 5 (left). The stepwise
structure mostly represents the difference of conversion loss among the sub-regions, and
partially the variation of power thresholds and the amount of statistics among the data
sets. We compare the result with other limits in Fig. 5 (right). The filled areas show the
excluded regions from direct measurements. Our search provides new limits, that are almost
compatible to the astrophysical constraints from the solar energy loss argument and from the
solar HP search in xenon experiments [39–41]. While their estimation of the HP flux on the
earth inevitably depends on a solar model, the limit obtained here postulates only the local
DM energy density on the HP flux. This work also shows an example of the double mirror
configuration in HPDM searches, that can be applied to other bands of radio frequencies.
4 Conclusion and Prospects
This work demonstrates the dish antenna method using mm-wave technology applied to a
HPDM search and obtains the first haloscope limit in the meV mass region. We exclude the
kinetic mixing χ & 10−8 at a 90% confidence level for the mass range of 0.67 − 0.92meV.
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Figure 5: Limits on the photon–HP kinetic mixing. (Left) Limits obtained in this work
at a 90% confidence level. The thick and thin lines are virialized four-bin analysis and
unvirialized single-bin analysis, respectively. (Right) Comparison of the result with other
limits; ”LSW” light-shining-through-a-wall experiments using a laser [32], ”Coulomb” a test
of deviation from Coulomb’s law [33, 34], ”FIRAS” a test of spectral distortion of the cosmic
microwave background [35], ”Helioscopes (vacuum)” solar HP searches in vacuum [36–38],
”Helioscope (Xe)” a solar HP search for xenon photoionization [39]. Dotted line is a constraint
from the solar energy loss accounting for longitudinally polarized HPs [40, 41]. Dashed line
is a cosmological constraint from the effective number of neutrino species [8].
One way to improve the sensitivity is to lower the power threshold by additional res-
canning measurements omitted in this work. fLO will be tuned close to the frequency of each
candidate peak to intensively take data with a low-noise narrow-band receiver. Supposing
that the ENR threshold is reduced by a factor of R in a reasonable run time, it lowers the
limit on χ by R1/2. Moreover, we note that decreasing the conversion loss by using other
harmonics N or by optimizing the LO power may allow for significant improvements in fu-
ture. To improve the sensitivity more drastically, one can use a cryogenic receiver applying
a superconducting tunnel junction, and a low-temperature preamplifier. This would reduce
the noise compared to the current room-temperature system by many orders of magnitude.
Furthermore, coating dielectric layers on the mirror surface has been pointed out to boost
the emitted power [3, 4]. This interesting and promising scheme is currently being studied
in a proof-of-concept phase as in Refs. [4, 5].
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